There is great promise in the technology of biofeedback for the field of sport psychology. However, very little empirical research has been conducted that speaks to the efficacy of psychophysiological intervention in sport. The general aim of the present study was to evaluate the efficacy of different training protocols designed to teach cognitive and emotional self-regulation and improve athlete performance on sport-specific tasks. Results of these experiments demonstrated athlete mastery of selfregulation skills and improvement in sport performance.
Introduction
For the past several decades ongoing research has hinted at the great promise the technology of biofeedback has for the field of sport psychology. Not only does biofeedback optimize the ability to teach athletes cognitive and emotional self-regulation, it also provides sport psychologists with the ability to quantify interventions (Zaichkowsky, 2009) . A major criticism of sport psychology intervention is that practitioners are limited in their ability to provide evidence in support of their practice. Biofeedback and neurofeedback technology have the capacity to challenge this criticism. Biofeedback and neurofeedback have been slow to gain acceptance in sport because of cost; a lag in the development of compact, portable, versatile technology; a lack of understanding; and a lack of research evidence outside of the medical community.
Bruno DeMichelis, formerly at the AC Milan soccer team, changed how biofeedback and neurofeedback are perceived by sport scientists after the success of AC Milan in the European Cup and World Cup of Soccer in 2005 and 2006 . Recently DeMichelis modeled the AC Milan ''MindRoom'' at Chelsea Football Club in the U.K. Other professional and Olympic sport organizations throughout the world (as well as the U.S. military) are in the process of adopting biofeedback and neurofeedback as the basis of their mental training programs. While assessment findings suggest there are psychophysiological differences between high and low performers, to date, very little research has been conducted that speaks to the efficacy of psychophysiological training interventions. Outside of research labs, the reports that exist are primarily anecdotal, in part because the professional sport organizations want to retain the data as ''proprietary.'' Our current work consists of studies with different groups of athletes to examine the effect of biofeedback training on sport-specific skills. We chose to examine effects on ''high pressure'' tasks, such as penalty shots in ice hockey. In addition, the balance beam routine was chosen in gymnastics as this is a precision event that is particularly affected by performance pressure. We conducted these studies with Division I college athletes through the 2009-2010 academic year, acquiring knowledge about protocol as we learned from study to study. In these studies, we conducted pre and post measures for specific skills or series of skills in a routine and saw improvements in performance.
One of our studies utilized a protocol involving a 10-session, 5-week neurofeedback and biofeedback treatment intervention with a women's gymnastics team. Baseline psychophysiological assessment was conducted, followed by biofeedback training that included heart rate variability (HRV) training to achieve optimal heart rate variations. Heart rate variability training guides the individual to produce smooth, coherent, parallel oscillations in respiration and heart rate. Neurofeedback training targeted increasing the sensorimotor rhythm (SMR) and decreasing theta at Cz.
A second study examined the effects of a biofeedback intervention on male ice hockey players. Baseline assessments of respiration rate and skin conductance (SC), under conditions of stress, were obtained on the ice using psychophysiological monitoring (telemetry) during a test of penalty shot performance. Shooting accuracy measurement was modeled after the NHL All-Star Skills test. The on-ice assessment was videotaped to better measure task performance of this hockey skills test. The on-ice performance assessment was then followed by an 8-session, biofeedback intervention in which players were trained to use relaxation techniques to decrease arousal levels. A postintervention performance assessment was taken which again measured shooting accuracy during a penalty shot situation.
Literature Review
Individuals use biofeedback to help create awareness of internal processes that are not typically consciously controlled (Zaichkowsky & Fuchs, 1988) . When provided with feedback regarding physiological processes (e.g., in the form of heart rate or respiration rate), an individual can begin to formulate strategies for self-regulation. The goal of an intervention in biofeedback begins with identifying suboptimal physiological functioning and learned situational responses. Feedback is then used for developing strategies to self-regulate to a more optimal response. The ultimate goal of biofeedback is to implement the strategies learned during training into relevant performance situations without the assistance of the technologically generated feedback (Blumenstein, Bar-Eli, & Tennenbaum, 1997) .
The scientific literature demonstrating efficacy of biofeedback and neurofeedback has remained sparse since Zaichkowsky (1975) first proposed the use of biofeedback for performance enhancement in sport. In an early study, Gracz (1977) monitored skin conductance values during tennis serves to determine optimal arousal levels, and found that when SC values were too high or low, poor serves followed. In another early study, Zaichkowsky, Dorsey, and Mulholland (1979) investigated the possibility of using electromyography (EMG) biofeedback to attenuate performance stress in college age gymnasts and reported mixed results. Peper and Schmid-Shapiro (1997) used SC to reduce arousal during imagery and to facilitate states of relaxation and concentration with rhythmic gymnasts. These athletes reported positive experience and improved performance. SC has been used in handball for relaxation to decrease precompetitive anxiety (Costa, Bonaccorsi, & Scrimali, 1984) . These studies have used single modality training protocols, while others, specifically those of Blumenstein and colleagues, use multimodality training. Blumenstein et al. (1997) used SC and EMG, along with relaxation and imagery to reduce precompetitive stress and improve performance in judo athletes. Further, they also were able to improve performance in canoeing/kayaking using SC and EMG in combination with relaxation and imagery (Blumenstein & Bar-Eli, 1998) .
In recent years, neurofeedback training interventions have been examined in non-sport performance domains (Raymond, Sajid, Parkinson, & Gruzelier, 2005; Egner & Gruzelier, 2003; Ros et al., 2009) . To date, the only known neurofeedback training intervention in sport is Landers et al. (1991) . This study showed that providing correct feedback is associated with improved shooting performance in archers, while providing incorrect feedback to the athletes led to performance decrements.
The heart rate variability literature, incorporating respiration training, has shown conflicting results: Lagos et al. (2008), and Strack (2003) have shown that biofeedback training is associated with performance improvements in golf and baseball, while Tanis (2008) showed no improvements in volleyball.
Method
Procedure A general protocol was followed for the studies reported here. Assessment of psychophysiological modalities was monitored (using telemetry) during the sport-specific pre-intervention test of skill performance. This was followed by several sessions of biofeedback intervention in which the athletes learned arousal control through mastery of biofeedback assisted self-regulation. After the intervention, a sport-specific posttest of skill performance was given. Again, psychophysiological monitoring was performed.
Physiological Measures
The FlexComp Infiniti TM biofeedback system (Thought Technology Ltd., Montreal, Canada) was used to collect respiration, skin conductance, heart rate (HR), and electroencephalography (EEG) data. To measure respiration, a girth sensor was placed around the abdomen at the level of the navel. As the band stretched, the voltage across the gauge changed and relative changes in length were measured to determine respiration rate. Skin conductance was measured with finger sensors placed on the nondominant hand. Changes in electrical conductance of the skin, which vary with moisture level, were recorded. HR was measured through the finger using a blood volume pulse (BVP) sensor. Finally, EEG data was collected using a scalp electrode placed at Cz, the vertex or center of the cortex. BioGraph Infiniti TM software (Thought Technology Ltd., Montreal, Canada) was used for data acquisition during performance assessments, training during the biofeedback intervention, and for data analysis.
Performance Measures
Gymnastics. The target of the intervention was to create a quiet, ready mind-body state, minimizing the influence of any internal or external distractions before a gymnast performed her balance beam routine. Training included ten sessions of biofeedback and neurofeedback with a Division I collegiate balance beam team (n 5 11, aged 18-22), conducted over 5 weeks. The biofeedback intervention included HRV training to achieve respiratory sinus arrhythmia (RSA). Neurofeedback training targeted increasing SMR and decreasing theta at Cz. Routines in competition, immediately before and after the biofeedback training intervention, were videotaped and scored by an independent judge and EEG activity was examined for any changes pretest to posttest. Ice Hockey. Subjects were from a Division I men's ice hockey team (n 5 4) ranging in age from 18 to 21 years. Targets, consisting of four 15-inch circles were placed in each corner of a regulation hockey goal and simulated the NHL All-Star Skills Competition. For both baseline and final performance assessment the players took a total of 20 shots from a position 25 feet from the goal line. The puck was stationary for 10 of the shots while the other 10 were received from a pass by a teammate located by the side of the goal. The shooting measurement was video recorded to aid in determining the accuracy of the shots. Players were connected with SC, respiration and HR wireless sensors for physiological data acquisition during performance assessments and biofeedback training. The biofeedback training was divided into 8 sessions, each 12 minutes in length. Each player was trained to use respiratory techniques, with a target of 6 breaths per minute to decrease arousal levels as measured by SC. In the biofeedback training, the athletes were provided with information about changes in their SC levels with the movement of a sail boat on the computer screen. When the athlete was under the threshold level determined for the specific session, the boat moved forward, however when the athlete became sympathetically aroused and SC went above the threshold, the boat slowed down. During the final on-ice performance assessment, the players were asked to use the learned respiratory and focus techniques before each shot.
Results
Following the biofeedback interventions, improved cognitive and emotional self-regulation and increased athlete performance on sport-specific tasks were observed.
Gymnastics
Results showed competitive performance improvements for gymnasts (Figure 1) . Specifically, improved balance beam performance in competition was associated with SMR and HRV biofeedback training (for full details see Shaw, 2010) . Changes in baseline brain wave activity can be seen from pretest to posttest at the group level (Figure 2) , but it is difficult to interpret these changes as they took place in the beta band, which was not part of the reward (SMR) or inhibit (theta) in the neurofeedback training protocol. 
Ice Hockey
Results showed that all players lowered respiration rates to match the target of 6 breaths per minute and decreased respiration rates during the final performance assessment, relative to their initial measurement (Figure 3) . Additionally, all players were able to increase the accuracy of their shots on target for both the stationary-puck and passedpuck conditions (Figure 4) . Figure 3. Ice hockey study results showing the respiration rates of subjects for both stationary-puck and passed-puck conditions. Posttest respiration rates were significantly lower for all subjects as compared to pretest rates.
Discussion and Future Directions
With these studies, the efficacy of different training protocols designed to teach cognitive and emotional selfregulation and improve athlete performance on sportspecific tasks was tested. Overall, each study showed that a biofeedback and/or neurofeedback intervention used to train self-regulation and arousal control can be successful in attenuating respiration rate and this skill can be employed in a performance task. Additionally, sportspecific performance measures improved following these biofeedback interventions. Using the skills they learned during biofeedback training the athletes were able to regulate their breathing and arousal levels, and increase their performance in their sport.
Future Directions
Future research will include methods and techniques that were refined during these experiments. For example, video recording will be utilized in all future studies to ensure the accuracy of scoring sport-specific performance measures. Additionally, future studies may examine different biofeedback intervention training schemes and skill retention over time. Furthermore, other sports and even non-sport performance settings may be examined.
One of the authors (LZ) has recently accepted the position as sport psychologist and Director of Sport Science for the Vancouver Canucks. In this professional hockey context he has developed a bio/neurofeedback laboratory and clinic designed to teach athlete self-regulation skills. The lessons learned from the studies at Boston University were invaluable in establishing protocols for professional hockey. During the 2010-2011 season, a great deal of work was conducted to train all the athletes ''recovery'' skills, relying primarily on teaching RSA self-regulation, using ProComp Infiniti TM (Thought Technology Ltd., Montreal, Canada) equipment and related software. Professional hockey has a demanding practice, playing, and travel schedule and as such, full mind-body recovery is crucial for successful performance. To date, this training protocol has been extremely successful.
Limitations
These studies were limited by the number of subjects that were included and the number of training sessions. Further work should include larger subject pools and additional training sessions to help determine optimal training protocols.
Conclusions
The general aim of these studies was to test the efficacy of different training protocols designed to teach cognitive and emotional self-regulation and improve athlete performance on sport-specific tasks. Each of the studies showed subjects were able to improve self-regulation and increase performance following a biofeedback intervention. Not only does biofeedback optimize the ability to teach athletes cognitive and emotional self-regulation, it also provides sport psychologists with the ability to quantify interventions. There is great promise with the technology of biofeedback for the field of sport psychology. The aim of our group is to conduct research showing the efficacy of biofeedback and neurofeedback training in sport psychology and to increase knowledge and awareness of these beneficial techniques.
